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Summary
Background:  The  existence  as  well  as  the  exact  genesis  of  left  ventricular  suction  during  rapid
ﬁlling phase  have  been  controversial.  In  the  present  study,  we  aimed  at  resolution  of  this  prob-
lem using  noninvasive  and  sophisticated  ultrasonic  methods.  The  clinical  meaning  was  also
documented.
Methods: Ten  healthy  male  volunteers  were  examined  by  2D  echocardiography  and  echo-
dynamography  which  enables  us  to  obtain  detailed  instantaneous  data  of  blood  ﬂow  and  wall
motion simultaneously  from  the  wide  range  of  the  left  ventricle.  The  correlation  of  blood  ﬂow
and wall  motion  was  also  studied.
Results:  Rapid  ventricular  ﬁlling  was  divided  into  2  phases  which  had  different  physiology.  The
early half  (early  rapid  ﬁlling:  ERF)  showed  the  effect  which  was  alike  drawing  a  piston.  This
was proved  by  the  shape  of  the  velocity  of  inﬂow  and  the  basal  muscle  contraction  which
actively assisted  extension  of  the  relaxed  apical  and  central  parts  of  the  left  ventricle,  giving
the negative  pressure  which  causes  the  ventricular  suction.
The later  half  (late  rapid  ﬁlling:  LRF)  showed  the  turning  of  the  fundamental  ﬂow  and  the
squeezed  basal  part  just  like  the  sphincter  in  addition  to  the  expansion  of  the  apical  and  central
portions of  the  left  ventricle,  and  all  of  these  cooperatively  augmented  the  suction  effect.
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Conclusion:  Ventricular  suction  does  exist  to  help  ventricular  ﬁlling.  Simultaneous  appearance
of the  contraction  in  the  basal  part  and  the  relaxation  or  extension  in  the  apical  part  during  the
post-ejection  transitional  period  was  made  to  occur  the  suction  in  the  LV.  And  it  can  be  said  that
ate  stage  of  systole  as  the  one  of  the  serial  systolic  phenomena.
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Using  the  memory  of  2D  echocardiogram  of  sev-
eral  cycles,  M-mode  echocardiograms  were  depicted
to  obtain  the  motion  of  the  tissue  of  the  orientedthe suction  appeared  in  the  l
© 2011  Japanese  College  of  C
Introduction
Katz  [1]  speculated  that  ventricular  suction  during  diastole
might  exist,  and  later  on,  Wiggers  [2]  mentioned  an  aspira-
tion  force  might  be  generated  whenever  the  elastic  stress
during  contraction  was  released.  Thereafter,  the  concept
of  diastolic  suction  has  been  disputed  by  Brecher  [3]  and
others.
However,  the  previous  studies  dealt  with  only  an  excised
and  isolated  heart  preparation  [4,5]  or,  at  most,  anes-
thetized  animals  [6—9], Although  human  studies  using  a
catheter-tip  manometer  [10—12]  were  able  to  measure  pres-
sure  difference  in  the  ventricle,  the  distinctive  features,
genesis,  and  physiological  signiﬁcance  of  the  diastolic  suc-
tion  have  been  controversial.  This  was  because  these  studies
did  not  clarify  the  data  concerning  the  pressure  difference
or  transmitral  ﬂow  velocity.  This  was  also  true  as  to  the  one-
dimensional  information  of  the  ultrasonic  Doppler  method.
We  attempted  to  clarify  many  facets  of  left  ventricular
suction  in  terms  of  blood  ﬂow  structure  and  ﬂow  dynamics,
regional  wall  dynamics,  as  well  as  their  correlation  using
echo-dynamography  [13,14]  as  previously  reported.
Subjects and methods
Subjects
Ten  healthy  male  volunteers  aged  30—50  years  who  provided
informed  consent  were  the  subjects.
Methods
The  details  were  described  partly  in  the  previous  articles
[13—24].
Analysis  of  the  blood  ﬂow  structure  in  the  left  ventricle
(LV)  [13—18,23]
(1)  Acquisition  of  ﬂow  velocity  information
Special  designed  ultrasonic  equipment  (Alola  Co.,
model  6500,  Tokyo,  Japan,)  was  used,  and  the  record-
ings  were  made  in  the  supine  or  lateral  decubitus
position.  The  scanning  plane  of  the  two-dimensional
(2D)  echocardiogram  included  3  points,  i.e.  center  of
both  the  aortic  and  mitral  oriﬁces,  and  the  ventric-
ular  apex.  This  plane  had  the  advantage  to  analyze
the  blood  ﬂow  ﬁeld  in  the  LV  as  previously  men-
tioned  [25]. 2D  Doppler  velocity  was  measured  by
apical  approach  and  transferred  to  a  personal  com-
puter.  The  data  was  processed  off-line  using  the
soft-ware  of  echo-dynamography  [14—16,19,23,24].
Furthermore,  phonocardiogram  using  a  crystal  accel-
eration  microphone  placed  around  the  cardiac  apex
was  recorded  simultaneously  with  echocardiogrm  and
electrocardiogram.ology.  Published  by  Elsevier  Ltd.  All  rights  reserved.
2) Analysis  by  using  the  2D  ﬂow  velocity  vector  distribution
As  described  previously  [23—25], the  Doppler  velocity
vector  was  obtained  at  many  points,  and  the  two  dimen-
sional  distribution  was  displayed  on  the  same  scanning
plane  together  with  color  Doppler  signal  and  2D  echocar-
diogram  (Fig.  1(1)  and  (2)).
3) Analysis  by  the  spread  of  main  ﬂow  axis  line
The  meaning  of  the  ridge  line  in  the  magnitude  dis-
tribution  of  the  ﬂow  vector  was  described  previously
[26]. The  ridge  line  represents  a  main  ﬂow  axis,  and
centralization  of  the  power  produced  by  the  motion  of
the  local  ventricular  wall  and  the  transmission  of  the
blood  were  shown.  The  wall  function  was  evaluated
by  the  changes  of  the  pattern  during  the  cardiac  cycle
[18,19,27]  (Fig.  1(3)  and  (4)).
4)  Analysis  by  using  the  velocity  proﬁle  along  the  main  ﬂow
axis  line
Displaying  the  ﬂow  velocity  vector  distribution,  the
magnitude  distribution  along  the  ﬂow  axis  line  was
obtained  as  a  one-dimensional  curvilinear  graph.  Then,
the  inclination  of  the  graph  indicates  the  one  of  the
convective  acceleration  of  ﬂow,  and  the  integration
indicates  the  ﬂow  volume  [25]  (Fig.  2).
5) Analysis  by  using  the  Doppler  pressure  distribution  on
the  scanning  plane  [14,18—20]
To  deduce  the  inﬂuence  of  the  dynamic  pressure
change  to  the  distribution  of  ﬂow  velocity  data,  the
Navier—Stokes’  equation  of  motion  was  applied  for  the
processing  of  the  data  [19]. This  ‘‘Doppler  pressure’’
was  displayed  by  color  on  the  2D  echocardiogram.  The
reference  point  was  set  at  the  area  beneath  the  ﬁbrous
trigon  (Fig.  3).
nalysis  of  the  regional  LV  wall  dynamics
1)  Macroscopic  analysis  using  2D  echocardiogram
High  speed  sector  scan  of  66  frames/s  was  used  to
measure  the  thickness  of  the  interventricular  septum
(IVS)  and  the  posterior  wall  (PW)  during  cardiac  cycle.
The  LV  internal  diameter  at  the  apical  (A),  central  (C)
and  basal  (B)  parts,  as  well  as  the  diameter  (MRD)
and  displacement  (MRM)  of  the  mitral  ring  were  also
measured.  The  images  of  successive  24  echocardio-
grams  were  used  every  30  ms.  The  LV  movement  during
one  cardiac  cycle  was  precisely  analyzed  as  shown  in
Fig.  4.
2)  Analysis  using  free  angle  M-mode  methoddirections,  so  as  to  measure  accurately  various  tis-
sue  movements  simultaneously  (named  as  free  angle
M-mode:  FAM-mode).  This  method  also  enabled  us  to
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Figure  1  Upper  images  1  and  2:  Two-dimensional  mapping  of  the  ﬂow  velocity  vector  during  rapid  ﬁlling  phase  in  the  longitudinal
section plane  of  the  left  ventricle  in  a  normal  case.  The  cardiac  phase  recorded  the  vector  mapping  is  shown  by  the  yellow  line
on the  ECG.  A  reference  size  of  the  vector  is  shown  by  a  yellow  bar  at  the  upper  left  corner  of  the  mapping.  A  white  arrow  (E)
shows the  toroidal  eddy  ﬂow.  Bottom  images  3  and  4:  Two-dimensional  distribution  of  the  main  ﬂow  axis  line  of  the  inﬂow  into  the
ventricle in  ERF  (3)  and  LRF  (4)  shown  by  the  overlapped  display  with  the  color  ﬂow  imaging.  White  lines  show  the  line  for  obtaining
the ﬂow  velocity  distribution  along  the  main  ﬂow  axis  line  shown  in  Fig.  2.  ERF,  early  stage  of  the  rapid  ﬁlling;  LRF,  late  stage  of
the rapid  ﬁlling;  AO,  aorta;  LA,  left  atrium;  LV,  left  ventricle.
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ﬂconﬁrm  the  relationship  between  the  minimal  mitral
valve  ring  and  the  maximal  valve  opening  (Fig.  5).
3) Microscopic  analysis  using  strain  rate  (SR)  distribution
measured  by  the  phase  difference  tracking  method
(PDT)
By  switching  beam  direction  at  every  5◦ intervals
(sparse  scan),  about  30◦ within  the  90◦ sector  angle
was  scanned  at  the  speed  of  630  frame/s.  The  moving
velocity  of  the  pulsating  myocardium  was  measured,  the
thickness  change  in  each  direction  was  obtained  at  every
thickness  interval  of  0.82  mm  by  the  PDT  [21]. This  was
based  on  the  assumption  that  the  sound  speed  in  the
myocardium  is  1600  m/s  [28]. The  SR  thus  obtained  was
overlapped  on  the  M-mode  and  2D  images,  respectively,
as  a  color  corded  information  [22]  (Figs.  6  and  7).
4)  Measurement  of  LV  internal  diameter
D
b
s
(Using  PDT,  the  change  in  the  LV  internal  diameter  was
exactly  measured  by  looking  the  moving  speed  of  the
2  target  points  set  on  the  endocardium  of  the  PW  and
IVS.  This  was  displayed  by  the  curvilinear  graph  together
with  electrocardiogram  and  phonocardiogram  (Fig.  7).
esults
lood  ﬂow  structure  in  the  LV  demonstrated  by
ow velocity  vectoruring  rapid  ﬁlling,  two  types  of  ﬂow  velocity  vector  distri-
ution  widely  spread  in  the  longitudinal  sector  plane  were
een  from  the  mitral  valve  (MV)  oriﬁce  to  the  apex  as  follows
Fig.  1):
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Figure  2  Upper  four  graphs:  Velocity  distribution  (red  zigzag  curvilinear  lines)  and  velocity  gradient  (black  lines)  along  the  main
ﬂow axis  line  (shown  in  Fig.  1(3)  and  (4))  of  the  inﬂow  into  the  left  ventricle  during  the  ERF,  LRF,  SF,  and  AC  phases.  Bottom  graph:
Velocity gradient  on  the  main  ﬂow  axis  line  in  the  ERF  obtained  from  10  normal  cases.  The  black  line  indicates  the  mean  value  of
the gradient.  The  inclination  of  the  gradient  is  almost  the  same  in  all  normal  cases.  The  red  line  shows  the  mean  value  of  that  in
the AC.  In  AC,  the  inclination  of  the  gradient  was  different  in  atrial  side  from  that  in  apical  side.  ERF,  early  stage  of  the  rapid  ﬁlling;
LRF, late  stage  of  the  rapid  ﬁlling;  SF,  slow  ﬁlling;  AC,  atrial  contraction;  LA,  left  atrium;  VR,  mitral  valve  ring  position;  B,  basal
mm/part; C,  central  part;  A,  apical  part;  Abscissa  shows  velocity  in  
(1)  During  ERF
The  ﬂow  velocity  vector  directed  rather  straight  to
the  apex  with  a  minor  zigzag  pattern.  Though  the
circularly  arranged  vectors  (E)  due  to  the  toroid-like
eddy  probably  resulting  from  the  ﬂow  separation  was
observed  behind  the  MV  tips,  no  reversal  or  reﬂected
ﬂow  was  observed  at  the  inner  surface  of  the  LV  (Fig.  1,
ERF).
The  main  ﬂow  axis  line  was  nearly  straight  from  the
center  of  the  MV  oriﬁce  to  the  apex,  and  thereafter
3  branches  of  the  axis  line  were  observed  behind  thesec,  and  Ordinate,  distance  in  mm.
papillary  muscle  area  (Figs.  1—3).  The  velocity  proﬁle
along  the  main  ﬂow  axis  line  showed  ‘‘ups  and  downs’’
of  shape  (Fig.  2-ERF;  black  lines),  and  the  summit  was
near  the  center  of  the  basal  part  at  the  maximal  part  of
the  LV  short-axis  diameter.  The  velocity  gradients  in  the
MV  oriﬁce  side  (acceleration)  and  apical  side  (deceler-
ation)  were  ca.  12.9  and  ca.  −10.4,  respectively  (black
lines).
The  averaged  velocity  gradients  from  10  subjects
were  13.3  (acceleration)  and  −11.1  (deceleration),
respectively  (black  lines  in  Fig.  2  bottom).
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Figure  3  Two  dimensional  distribution  of  the  Doppler  pressure  (dynamic  pressure)  in  the  left  ventricle  in  the  four  cardiac  phases.
Cold colored  area  shows  the  negative  pressure  and  warm  colored  area,  the  positive  pressure.  Pressure  level  is  indicated  in  the
color bar  in  the  right  column.  Narrow  white  arrow,  the  negative  pressure  appeared  in  the  area  just  behind  the  posterior  wall  during
the initial  stage  of  the  sucking  action  even  during  the  systolic  phase.  Wide  white  arrow,  the  increasing  negative  pressure  at  the
beginning of  the  upward  movement  of  the  mitral  valve  ring.  Green  arrow,  oscillation  of  the  pressure  wave  indicating  the  origin
of the  third  heart  sound.  Bottom  graphs  are  one  dimensional  display  of  the  pressure  distribution  along  the  blue  lines  on  the  2D
images. Oscillating  pressure  pattern  are  clearly  observed  (green  arrow).  LS,  late  systolic  phase;  ID,  isovolumetric  dilatation  phase;
E O,  a
(RF, early  stage  of  rapid  ﬁlling;  LRF,  late  stage  of  rapid  ﬁlling;  A
2)  During  LRF
The  distribution  of  the  velocity  vector  of  the  inﬂow
blood  widely  spread  (Figs.  1—2  LRF).  As  to  the  toroid-
like  eddy  and  reversal  or  reﬂected  ﬂow  at  the  apical
area,  the  same  was  true  as  in  ERF.
The  main  ﬂow  line  was  divided  in  2  ways.  The  one
was  main  and  curved  anteriorly  at  the  center  of  the  LV,
and  the  other  was  divided  into  3  branches  directing  to
either  the  apical  or  anterior  or  posterior  areas  behind
the  papillary  muscles  (Figs.  1—4).  The  main  ﬂow  further
directed  behind  the  anterior  MV  and  collided  with  the
reverse  side  of  the  leaﬂet,  causing  resonant  oscillation
of  pressure  wave.  This  was  demonstrated  as  a  pile  of  the
2
E
aorta;  LA,  left  atrium;  LV,  left  ventricle.
cold  and  warm  color  strips  (green  arrow  in  Fig.  3;  LRF).
The  velocity  vector  proﬁle  was  also  ‘‘ups  and  downs’’
shaped  similar  to  that  of  ERF,  and  the  summit  was  lower
about  50%  than  that  of  ERF  (Fig.  2:  LRF).  The  velocity
gradients  were  10.7  in  the  acceleration  side  and  −9.0
in  the  deceleration  side,  respectively.  However,  velocity
gradient  at  the  beginning  and  ending  points  was  slightly
greater  than  those  of  ERF.D  Doppler  pressure  distribution
ven  during  late  systolic  phase  (LS),  negative  pressure  of
bout  −0.04  mmHg  was  observed  at  the  central  and  basal
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Figure  4  Top  graph,  Changes  in  thickness  of  the  posterior  wall  (PW)  and  the  inter-ventricular  septum  (IVS)  measured  at  3  parts  of
basal (B,  blue  line),  central  (C,  red  line),  and  apical  part  (A,  green  line)  of  the  left  ventricle  during  one  cardiac  cycle.  Bottom  graph,
Changes in  the  internal  diameter  of  the  left  ventricle  at  the  3  parts  of  basal  (B),  central  (C)  and  apical  (A),  and  of  the  mitral  ring
diameter (MRD,  brown),  and  changes  in  distance  of  the  upward  displacement  of  the  posterior  part  of  mitral  ring  during  one  cardiac
cycle (MRM,  yellow).  The  measurement  was  performed  from  the  two-dimensional  echo-cardiograms  obtained  in  the  longitudinal
direction of  a  normal  left  ventricle.  The  number  shows  a  speed  and  distance  of  the  change.  IVS,  Inter-ventricular  septum;  PW,
posterior wall;  Is,  1st  heart  sound;  IIs,  2nd  heart  sound;  IC,  isovolumetric  contraction;  Ej,  ejection;  ID,  isovolumetric  dilatation;  SF,
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islow ﬁlling;  AC,  atrial  contraction;  ERF,  early  stage  of  rapid  ﬁlli
which the  contracting  and  extending  parts  coexist  in  the  ventri
areas  near  the  inner  surface  of  the  PW  (thin  white  arrow  in
Fig.  3:  LS).
During  isovolumetric  dilatation  (isometric  relaxation:
Fig.  3:  ID),  negative  pressure  areas  appeared  near  the
inner  surface  of  the  LV  wall  and  beneath  the  valve  rings
(thick  white  arrow).  The  measurement  value  was  −0.07  and
−0.13  mmHg  beneath  the  aortic  and  mitral  valve,  respec-
tively,  and  −0.03  mmHg  at  the  apical  area  near  the  PW.
Therefore,  the  negativity  of  the  basal  area  was  2—4  times
greater  than  those  at  the  other  areas.
During  ERF  (Fig.  3-ERF),  such  a  widely  spread  negativity
and  a  resonance  of  the  negative  pressure  were  seen  from
the  MV  oriﬁce  to  the  apex  along  the  LV  long  axis,  and  the
lowest  was  −1.2  mmHg  in  the  central  and  basal  area.  The
pressure  gradient  along  the  inﬂow  axis  line  was  about  0.46
in  the  oriﬁce  side  and  was  about  0.32  in  the  apical  side.
During  LRF  (Fig.  3-LRF),  positive  pressure  area  spread
over  the  apical  area,  while  negative  one  appeared  widely
i
t
rRF,  late  stage  of  rapid  ﬁlling;  Green  shaded  area;  the  phase  in
 wall.
n the  central  and  basal  areas  along  the  short  axis.  At  the
ame  time,  the  minimal  pressure  (ca.  −1.8  mmHg)  was  in  the
enter  of  the  outﬂow  area  near  the  IVS,  and  the  pile  of  the
ositive  and  negative  pressure  areas  was  seen  behind  the
nterior  mitral  valve,  resulting  in  the  pressure  oscillation
green  arrow).
V  wall  dynamics  macroscopically  observed  by  2D
chocardiography  and  FAM
hickness  of  the  IVS  and  the  PW  at  the  apical  area  decreased
uring  rapid  ﬁlling  phase  (line  A:  green  in  Fig.  4),  while  the
nternal  LV  diameter  increased  rapidly  in  ERF  and  then  slowly
n  LRF  (Fig.  4  top).
At  the  mid-ventricular  level  (central  area:  line  C:  red),
he  PW  thickness  increased  in  the  mid-ERP  and  decreased
apidly  in  LRF,  while  the  IVS  thickness  decreased.  The  LV
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Figure  5  The  free  angle  M-mode  display  of  the  left  ventricular  wall  and  mitral  valve.  M-mode  display  of  the  ventricular  wall  at
basal (B),  central  (C)  and  Apical  (A)  parts  for  measuring  the  time  when  the  maximum  inward  displacement  of  the  wall  appeared.
AO, aorta;  LA,  left  atrium;  LV,  left  ventricle;  RV,  right  ventricle.
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(nternal  diameter  increased  rapidly  in  ERF  and  then  slowly
n  LRF.
At  the  basal  area  (line  B:  blue),  the  PW  thickness
ncreased  until  mid-LRF,  while  the  LV  diameter  decreased
ntil  the  end  of  ERF  and  then  gradually  increased  in  LRF.  No
pparent  changes  were  seen  in  the  IVS  thickness.
The  timing  of  the  maximum  thickness  of  the  PW  was
elayed  in  B  compared  to  A  by  about  210msec,  and  that
f  the  minimal  internal  diameter  of  the  LV  was  similarly
elayed  in  B.  This  indicated  that  contraction  and  extension
ere  transmitted  dispersively,  resulting  in  the  peristalsis  of
he  LV  wall  [25].
After  the  maximal  MRD  (brown  line)  reached  the  end
f  ERF,  it  decreased  rapidly  in  LRF.  The  FAM-mode  image
howed  time  lag  of  about  18msec  in  the  minimal  size  of  the
RD  compared  to  the  maximal  MV  opening  (Fig.  5),  while
he  posterior  part  of  the  mitral  ring  (MR)  moved  toward  the
eft  atrium  (LA)  (Fig.  4  bottom:  MRM:  yellow  line).  This  indi-
ated  that  LV  predominantly  dilated  longitudinally  at  the
asal  part  of  the  LV.
During  rapid  ﬁlling  phase,  as  indicated  by  the  shaded  area
n  Fig.  4  top,  the  muscle  in  basal  area  (B)  was  contracting,
hereas  the  muscle  in  apical  area  (A)  was  in  the  reversed
ehavior,  i.e.  the  contracting  and  extending  state  occurred
t  the  same  time  process.  Also,  the  maximal  thickness  of
he  basal  part  of  the  PW  coincided  in  time  with  the  minimal
hickness  of  the  apical  and  central  parts  of  the  PW,  and  fur-
her  the  boundary  between  ERF  and  LRF  nearly  coincided  in
ime  with  the  summit  of  E  of  Doppler  velocity  curve.  These
acts  indicated  the  basal  muscle  contraction  tempted  in  the
elaxed  apical  and  central  muscles  to  extend.icroscopic  LV  wall  dynamics  analyzed  by  strain
ate (SR)  distribution
n  Fig.  6,  positive  SR  (+)  (cold  color;  blue)  indicates  contrac-
ion,  and  negative  SR  (−)  (warm  color),  either  relaxing  (red)
r  extending  (yellow)  state.
1)  During  ERF
(a) PW  (Fig.  6)
The  apical  endocardial  side  was  in  the  relaxing
state  (SR:  nearly  0),  and  the  epicardial  side  was  in
extending  state  (SR  =  ca.  −4.0)  (Fig.  6(3)).  The  cen-
tral  part  showed  a sandwitched  pattern  (Fig.  6(2)),
i.e.  contracting  and  extending  states  were  piled.
The  contraction  was  mainly  in  endcardial  side  and
the  extension  was  mainly  in  epicardial  side  as  well
as  in  the  mid-layer  between  these  two  sides.  Fur-
thermore,  the  string-like  narrow  contracting  area
was  seen  near  the  epicardial  side  (vertical  white
arrow  C).  The  basal  part  (Fig.  6(1))  showed  a  large
contraction  in  the  endocardial  side  during  the  ﬁrst
half  of  ERF,  whereas  it  changed  to  large  extension
in  the  second  half  of  ERF.  Extension  was  also  seen
in  epicardial  side  and  again  string-like  contraction
was  observed.
(b)  Interventricular  septum  (IVS)
Contraction  and  extension  were  mixed  in  the  api-cal  and  central  areas,  and  extension  was  seen  in  the
basal  area.  The  tension  state  persisted  in  the  apical
and  central  areas,  whereas  extension  persisted  in
the  basal  area.
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Figure  6  M-mode  images  of  the  strain  rate  (SR)  distribution  in  the  time  sequential  change  in  the  intra-ventricular  septum  (IVS)
and posterior  wall  (PW)  measured  by  using  the  sparse  scan  and  the  phase  difference  tracking  method  on  the  longitudinal  section
plane of  the  left  ventricle  (LV).  The  SR  was  obtained  in  the  beam  direction  of  1—3  shown  on  the  two  dimensional  echo-cardiogram
in the  right  below.  The  cold  color  area  shows  an  increment  of  the  SR  (contraction)  and  the  warm  color  area  shows  a  decrement  of
the SR  (extension)  as  demonstrated  in  the  color  bar.  IC,  isovolumetric  contraction;  Ej,  ejection;  ID,  isovolumetric  dilatation;  ERF,
early stage  of  rapid  ﬁlling;  LRF,  late  stage  of  rapid  ﬁlling;  White  arrow  C,  contracting  muscle  layer;  Oblique  white  line,  spreading
t  atriprocess of  the  extending  area  in  the  LV  wall;  AO,  aorta;  LA,  lef
(2)  During  LRP
(a)  PW
At  the  apical  area,  there  was  a  large  extend-
ing  part  in  the  epicardial  side,  whereas  a  relaxing
part  was  present  in  the  endocardial  side.  At  the
central  area,  a  large  extension  was  in  the  mid-
layer,  but  contraction  was  in  the  endocardial  side,
and  a  string-like  narrow  contracting  area  was  near
the  epicardial  side  (Fig.  6(2),  thick  white  symbol
C)  which  continued  from  that  of  ERF.  At  the  basal
area,  a  large  area  of  extension  continued  from  that
of  ERF  was  shown  in  the  mid-layer  and  epicardial (um;  LV,  left  ventricle;  RV,  right  ventricle.
side.  Contracting  area  was  seen  in  the  mid-layer  and
endocardial  side.  During  the  second  half,  extension
was  seen  through  endocardial  to  epicardial  side.
Near  the  epicardial  side,  string-like  narrow  con-
tracting  area  was  again  observed  (Fig.  6(1),  thick
white  symbol  C).
(b)  IVS
A  mixture  of  contracting  and  extending  areas  wasseen  in  the  area  from  the  apical  to  the  basal  part.
This  indicated  that  the  IVS  was  in  tension  state  in
LRF.
3)  SR  distribution
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Figure  7  Upper  2  images  show  the  two  dimensional  SR  distribution  in  the  time  point  of  (a)  and  (b)  on  the  ECG  and  PCG  at  the  lower
graph. The  contracting  area  (C)  in  ﬁgure  b  observed  at  the  part  near  the  epicardium  was  supposed  to  be  the  oblique  muscle  layer  of
the ventricular  musculature,  and  (C)  in  ﬁgure  a  at  the  middle  and  endocardial  parts  near  the  valve  ring  at  the  basal  part  supposed
to be  circumferential  layer.  Lower  graph  shows  changes  in  the  internal  diameter  of  the  left  ventricle  during  systole  through  rapid
ﬁlling phase  measured  by  the  phase  tracking  method  in  the  5  beam  directions  (1—5)  shown  in  the  right  upper  side  picture.  Beams  1
and 2,  basal  part;  Beams  3  and  4,  central  part;  Beam  5,  apical  part;  AO,  aorta;  LA,  left  atrium;  LV,  left  ventricle;  RV,  right  ventricle;
III, third  heart  sound;  ID,  isovolumetric  dilatation;  ERF,  early  stage  of  rapid  ﬁlling;  LRF,  late  stage  of  rapid  ﬁlling;  SF,  slow  ﬁlling;
A card
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DVC, aortic  valve  closure;  ECG,  electrocardiogram;  PCG,  phono
As  described  above,  SR  distribution  demonstrated
that  contraction  and  extension  of  the  myocardium
occurred  simultaneously  in  the  LV  wall.  Namely,  a  con-
tracting  area  at  the  basal  part  of  the  LV  near  the  valve
ring  and  remarkable  extension  in  the  short  axis  direction
at  the  central  and  apical  areas  in  addition  to  dilatation
of  the  apex  were  simultaneously  observed.
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V  expansion  in  short  axis  direction  (Fig.  7)
uring  ERF,  LV  diameter  increased  slowly  at  the  apical  area
red  line)  and  center  area  (green  line),  whereas  the  change
as  minimal  at  the  basal  part  (black  line).  This  indicated
hat  LV  volume  during  ERF  increased  predominantly  along
he  longitudinal  axis.
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On  the  other  hand,  LV  diameter  during  LRF  slowly
increased  at  the  apical  area  (red  line),  slightly  faster  at
the  central  part  (green  line),  and  fastest  at  the  basal  part
(black  line).  These  results  indicated  that  LV  volume  during
LRF  increased  predominantly  along  the  shot  axis.
The  third  heart  sound  (III)
As  shown  in  Fig.  7,  the  III  was  inscribed  in  the  PCG  coincided
in  time  with  the  rapid  expansion  along  the  short  axis.  Super-
imposition  of  Figs.  3  and  7  conﬁrmed  that  the  III  occurred
coinciding  with  the  pressure  oscillation  within  the  LV  (Fig.  3,
green  arrow).
Discussion
The  left  ventricular  relaxation  process  in  diastolic  ﬁlling  was
ﬁrst  described  by  Katz  [1],  and  Wiggers  [2]  discussed  the  role
of  diastolic  suction.
Experimental  studies  were  done  by  Brecher  [3],  but  the
pressure  variation  during  rapid  ﬁlling  is  so  small  that  it
is  unable  to  explain  a  large  amount  of  ventricular  blood
inﬂow  during  a  very  short  time,  particularly  in  animals  with
very  rapid  heart  rate  and  extremely  short  diastolic  ﬁll-
ing  time  [4,5]. Furthermore,  many  physiological  conditions
including  even  the  atmospheric  pressure  may  change,  so
that  the  results  of  animal  experiments  may  not  be  wor-
thy  of  evaluation.  The  similar  results  using  intracardiac
pressure  evaluation  [6,7,9,12]  or  ultrasonic  Doppler  method
[9—11]  were  not  reliable,  because  spatial  structure  of  intra-
ventricular  blood  ﬂow,  pressure  distribution  within  the  LV,
local  ventricular  wall  dynamics  and  their  correlation  were
all  difﬁcult  to  estimate  by  these  methods.  The  present  study
suggested  that  left  ventricular  suction  involved  a  compli-
cated  mechanism,  and  that  only  noninvasive  method  such  as
our  echo-dynamography  might  resolve  the  above-mentioned
difﬁculties.
We  have  already  pointed  out  that  the  ventricular  suction
started  at  the  late  stage  of  the  systole  [25], and  the  dis-
tinctive  feature  of  suction  appeared  in  the  ERF  phase.  As
Courtois  [7]  reported  using  pressure  measurement  method
that  this  ﬁlling  consisted  of  2  phases,  and  further  veriﬁed  the
boundary  of  these  two  phases  coincided  in  time  with  the  E
wave  of  the  Doppler  velocity  curve.  We  proved  further  that
these  2  phases  contributed  differently  to  the  ventricular
suction  during  rapid  ﬁlling  phase.
As  to  the  ERF  phase,  we  disclosed  that  the  inﬂow  occurred
with  less  resistance  and  less  inertia  to  draw  the  blood  into
the  LV,  because  of  the  correspondence  of  the  direction  of
ventricular  dilatation  and  inﬂow.  This  is  such  that  a  piston
effect  along  the  long  axis  without  the  commitment  of  short
axis  dilatation.
On  the  other  hand,  ventricular  ﬁlling  during  LRF  phase
was  quite  different  in  terms  of  division  of  ﬂow  direction.
Such  a  division  was  caused  mainly  by  the  active  dilatation
of  the  central  and  basal  areas  of  the  LV  along  the  short  axis,
so  as  to  increase  the  LV  volume  and  was  also  helpful  to  pour
the  inﬂow  blood  into  the  outﬂow  tract  which  was  just  like  a
dead  space  during  ERF.
The  previously  advocated  theory  of  ventricular  suction
was  based  on  the  assumption  of  myocardial  elastic  recoil
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uring  diastole  [6,9,12,29—31], which  was  caused  by  the
elease  of  potential  energy  accumulated  within  the  mus-
le  during  systole  [32—34]. This  assumption  has  several
mbiguous  points.  For  example,  they  did  not  consider  the
iscordant  movements  of  the  local  LV  wall,  instantaneous
eometric  changes  of  the  LV  and  intraventricular  ﬂow  struc-
ure  within  the  LV.
Certainly,  LV  suction  may  require  active  negative  pres-
ure  during  diastole  and  the  present  study  proved  the  widely
pread  negativity  which  was  spatially  changing  in  time  with
he  wall  dynamics.  All  facts  considered,  the  correlation
etween  the  wall  and  ﬂow  dynamics  is  schematically  sum-
arized  as  shown  in  Fig.  8.
Sengupta  et  al.  [35]  stated  that  the  mechanical  short-
ning  of  the  LV  propagated  from  apex  to  base,  as  did  the
lectrical  transmission.
However,  our  study  disclosed  that  this  delay  was  due  to
he  peristalsis  [25], and  at  the  end  of  systole,  muscular
ontraction  propagated  to  the  basal  part  near  the  mitral
alve  ring,  whereas  the  apical  and  central  parts  of  the
W  were  in  the  completely  relaxed  and  extended  state  (as
emonstrated  by  green  shadow  in  Fig.  4).  Important  facts
ere  that,  during  ERF,  these  relaxing  (SR  =  0)  and  extending
SR  =  −) parts  were  pulled  rapidly  parallel  to  the  long  axis
irection  along  with  the  upward  movement  of  the  mitral
alve  ring.  There  was  no  simultaneous  extension  along  the
hort  axis.  On  the  other  hand,  LV  extension  at  the  central  and
pical  parts  appeared  along  the  short  axis  direction  during
RF.
We  postulated  that  these  wall  dynamics  might  have  a
elationship  to  the  anatomy  of  the  ventricular  muscles.  As
ell  known,  myocardium  has  3  muscle  layers,  including  mid-
le  circular  muscle  which  is  thick,  and  internal  and  external
blique  muscles  which  are  running  along  each  other  in  the
pposite  direction  [36—40]. The  upper  margin  of  the  mus-
le  fuses  tightly  with  the  ﬁbrous  aortic  and  mitral  valve
ings  which  are  also  tightly  fastened  to  each  other  at  the
brous  trigon,  and  thereby  the  mitral  ring  has  a  hinge-like
obility.
When  this  anatomy  was  compared  with  our  SR  data,  it
s  not  difﬁcult  to  speculate  that  symbol  C  in  Figs.  6  and  7b
re  both  oblique  muscle  group,  while  symbol  C  in  Fig.  7a
s  that  of  circular  muscle.  This  means  whenever  the  basal
uscle  layer  is  in  the  contracting  state  (SR+),  the  central
nd  apical  muscles  are  in  either  relaxing  (SR  0)  or  extending
SR−)  state.  Namely,  the  contracting  and  extending  areas
o-exist  separately  in  the  LV  wall.
This  phenomenon  is  illustrated  in  the  bottom  of  Fig.  8,
nd  this  makes  it  easy  to  understand  the  underlying  mecha-
ism  of  ventricular  suction.
With  the  strong  contraction  of  the  circular  muscle  (Cir)
thick  and  blue  arrow),  the  posterior  part  of  the  mitral  valve
ing  is  vigorously  pulled  toward  the  interventricular  sep-
um  of  high  tension  and  is  further  pulled  up  toward  the
eft  atrium  (vertical  blue  arrow)  by  the  hinge-like  motion
f  the  ﬁbrous  trigon  as  a  fulcrum  (black  arrow).  And  then,
he  narrowed  mitral  valve  oriﬁce  causes  shortening  of  the
ntero-posterior  diameter  of  the  valve  (thin  horizontal  blue
rrow),  and  the  already  relaxing  and  extending  central  and
pical  parts  of  the  PW  remain  almost  unchanged.  Thus,  this
s  the  reason  of  LV  volume  increase  due  to  the  suction  during
RF.
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Figure  8  Schematic  representation  of  the  correlation  among  the  ﬂow  structure,  wall  dynamics  and  Doppler  ﬂow  velocity  during
the rapid  ﬁlling  phase  (upper  two  images),  and  of  the  correlation  between  the  muscle  orientation  and  the  contraction  process  in
the basal  part  of  the  ventricle  (lower  image).  E,  toroidal  eddy  produced  by  the  separation  of  ﬂow  at  the  edge  of  the  mitral  valve
leaﬂets; Gray  large  arrows  F,  main  inﬂow;  Black  arrows,  direction  and  magnitude  of  the  extension  and  contraction  of  the  moving
ventricular muscle;  Green  arrows,  extending  direction;  Blue  arrows,  direction  of  the  muscle  contraction;  FRF,  early  stage  of  rapid
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The  mechanism  of  ventricular  suction  during  LRF  is  as
ollows:  when  both  inner  and  outer  oblique  muscles  con-
ract  efﬁciently  (thin  vertical  blue  arrow  positioned  laterally
n  the  ﬁgure),  the  basal  part  of  the  PW  further  displaces
pward  and  posteriorly.  Then,  the  antero-posterior  diame-
er  of  the  mitral  valve  ring  diminishes  and  the  valve  ring
ecomes  oval-shaped.  This  narrowing  of  the  valve  ring  is
aused  by  the  sphincter  action  of  the  circular  muscle.
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re  layer;  Obl,  oblique  muscle  layer.
urthermore,  the  central  and  a  part  of  the  basal  areas  are
urther  extended  in  the  short  axis  direction  (green  arrows),
esulting  in  the  suction  during  LRF.
In  fact,  ventricular  suction  described  herein  is  thought
o  be  one  step  of  a  series  of  ventricular  systolic  action.  The
nergy  required  for  such  suction  might  be  supplied  by  the
ontraction  of  the  basal  myocardium.  Many  previous  clinical
eports  [10,12,29]  suggested  that  myocardial  contractility
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was  improved  whenever  ventricular  suction  was  restored.
This  was  thought  to  be  consistent  with  the  previous  experi-
mental  results  [7—9,11].
Ventricular  suction  had  some  connections  to  the  mech-
anism  of  heart  sound  production.  In  the  present  study,  the
third  heart  sound  is  thought  to  be  generated  by  the  vibration
of  either  mitral  valve  or  ventricular  muscle  coincident  with
the  sudden  decrease  or  halt  of  the  rapid  ventricular  ﬁlling
[41—43].  Courtois  [7]  suggested  that  the  place  of  production
was  the  apical  ventricular  wall,  because  pressure  reversal
of  a  high  degree  was  observed  around  the  apex.  However,
the  present  study  disclosed  that  actively  extending  apical
area  causes  inﬂow  without  resistance,  so  that  the  vibration
of  the  apex  is  unbelievable.  Actually,  the  third  heart  sound
was  recorded  consistent  in  time  with  LRF.  During  this  period,
blood  inﬂow  passed  the  outﬂow  and  reached  the  reverse  side
of  the  mitral  valve  and  collided  with  this  valve.  The  pres-
sure  was  reﬂected  and  transmitted  to  the  IVS,  resulting  in
the  oscillation  of  blood  of  back-and-forth  between  the  valve
and  the  IVS.  Thus,  alternate  positive  and  negative  pressure
areas  were  seen  in  the  outﬂow  area  (green  arrow  in  Fig.  3-
LRF).  This  indicated  that  the  occurrence  of  low  frequency
vibration  might  be  the  resonance  of  the  pressure  wave  in
accord  with  the  vibration  theory  of  the  cardiohemic  system
[42,44].
Conclusion
Using  echo-dynamography  newly  developed,  physiological
and  clinical  features  of  left  ventricular  suction  during  rapid
ﬁlling  phase  were  investigated.
The  suction  developed  by  inhaling  inﬂow  blood  by  two
ways.  One  was  the  ERF,  during  which  the  apical  part  was
expanding  along  the  long  axis  of  the  left  ventricle,  causing
the  suction  by  the  piston  effect.  The  second  was  the  LRF,
which  was  separated  from  ERF  by  the  summit  of  the  E  wave
of  Doppler  velocity  curve,  and  during  which  blood  supply  of
inﬂow  was  due  to  the  expansion  in  the  short  axis  of  the  basal
part  toward  the  outﬂow,  causing  additional  volume  increase
in  the  left  ventricle.
In  these  manners,  both  contraction  and  extension  coexist
within  the  left  ventricle  during  rapid  ﬁlling  phase  and  the
effectiveness  of  suction  was  thus  enhanced.
For  these  mechanisms,  systolic  contraction  of  the  basal
part  during  ERF  phase,  which  was  followed  to  the  late  stage
of  ventricular  contraction,  played  an  important  role.  The
energy  of  suction  was  supplied  by  this  basal  muscle  contrac-
tion.
The  possible  relationship  of  the  mechanism  of  suction  and
the  structure  of  the  ventricular  muscle  layer  was  discussed
in  detail.
Clinically,  the  mechanism  of  generation  of  the  third  heart
sound  was  thought  to  be  derived  from  the  resonance  of
pressure  between  the  anterior  mitral  valve  and  the  inter-
venricular  septum.References
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